Object. Semiconstrained load-sharing implants for spinal fixation accommodate change in the screw-plate interface as bone grafts shrink. The authors evaluated the clinical and radiological outcome in patients after placement of the Codman anterior cervical plate (ACP) system, which allows change in the screw-plate angle.
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NTERIOR cervical fusion is performed in the treatment of a variety of pathological entities and, increasingly, ACP systems have been applied as an augmentative procedure. The first reports of an ACP procedure were published by Orozco and Llavet 13 in 1970 and by Herrmann 9 in 1975. These authors described the use of an internal ACP construct to achieve stabilization following trauma. Since then various plate systems have been designed for this purpose and have been applied more universally to improve postoperative stability after anterior cervical fusion procedures in cases of trauma, spondylitic disease, infections, neoplasia, and congenital disorders. The added benefit of plating systems has never been evaluated in a randomized control trial. The authors of several retrospective studies have provided provocative evidence that plating may indeed improve fusion rates. In particular, Connolly, et al., 6 Wang, et al., 15, 16 and Kaiser, et al., 12 have all provided evidence of improved ACP-related fusion in cases of multilevel but not in single-level operations. Controversy remains as to when such techniques should be applied, and when these devices confer a fusion-related advantage over noninstrumented procedures. The variety of anterior plate designs has increased the complexity of the issue. Furthermore, the choice of graft material also remains controversial; although autograft provides an advantage in fusion over allo-or xenograft, their drawback includes increased postoperative pain and graft site-related complications. 2, 4, 18 Anterior cervical plate-augmented fusion has several theoretical advantages over noninstrumented fusion. The plate is thought to provide a buttress against graft extrusion. Additionally, it is thought to provide rigid immobilization in flexion, extension, torsion, and lateral bending, which may lead to better fusion rates, as expected throughout the skeletal system based on the orthopedic experience. Plating may also be useful in contouring the surgically treated cervical spine to maintain lordosis, and this may decrease the likelihood of adjacent-level degeneration, progressive deformity, and chronic postoperative axial pain. Furthermore, because the plate provides good internal fixation the use of a postoperative external orthosis may be unnecessary, enabling patients to return to full activity and employment sooner.
Plate-assisted systems also have disadvantages. Instrumentation adds significantly to the financial cost of a cervical decompressive procedure. Plates are mechanical devices that may malfunction-that is, instrumentation may back out or fracture may occur. Theoretically, the placement of metal in the operative site increases the risk of infection. Plating may prevent bone graft compression, maintaining the adjacent vertebrae in some distraction and this may inhibit fusion. It was to address this latter disadvantage that load-sharing plates such as the Codman ACP were developed.
This study was undertaken to evaluate the efficacy of the Codman ACP system, a semiconstrained implant for anterior cervical fixation. This device allows in situ change in the angle between screws and plate in the sagittal plane. Theoretically, this allows for construct settling in the event of graft resorption, which is thought to occur frequently, particularly with multilevel reconstructions. Accordingly, the Codman plate should allow greater load sharing to occur between the host and graft bone and thus promote fusion. A concern with a semiconstrained implant, however, is whether load sharing occurs at the cost of rigid fixation.
We conducted a prospective multicenter evaluation of the Codman ACP in 195 patients. Fusion rates, instrumentation fracture and dislocation rates, and changes in screw angles and construct height were examined by an independent blinded observer.
Clinical Material and Methods
We conducted a prospective multicenter study involving 10 sites in North America and Europe (Appendix). All patients who underwent an ACP-augmented anterior cervical fusion between October 1995 and August 1996 were enrolled. The plating procedure was performed in accordance with the operating surgeon's judgment with prior instruction on the optimal use of the device. Demographic and procedural data including patient age, diagnosis, number of fused levels, graft type, and prescription of external orthoses were recorded.
Clinical and radiological evaluations were performed at 1, 3, 6, 12, and 24 months. The clinical evaluation was performed by the surgical team and included an assessment of symptom relief and clinical complications by direct questioning and physical examination. Data were collected using standardized forms; neurological and pain symptoms were recorded and classified as improved, unchanged, or worse. New symptoms were also recorded. Fusion was evaluated clinically and radiologically-the latter by examining anteroposterior and lateral cervical radiographs and, if deemed useful, lateral flexion-extension radiographs.
Evaluation of all radiographs was performed. All studies were forwarded to the principal investigator and were evaluated by a blinded independent observer. Radiographs were quantitatively evaluated for screw angle, construct height, radiological evidence of fusion, hardware fracture, and screw displacement ( Fig. 1 ). Screw angles were defined as the angle of deviation from a line perpendicular to the plate. They were described as a positive angle if the deviation was rostral and a negative angle if the deviation was caudal. Distances between endplates (construct height) were determined by drawing a line tangential to the most extreme point of the VB in the rostral or caudal direction (for superior and inferior endplates, respectively) and parallel to the endplate. Measurements were then made as illustrated ( Fig. 1 ) between endplates at the posterior-most aspect of the VBs and between the endplate lines and the plate. Fusion was defined as the absence of motion on flexion-extension radiographs and the presence of trabeculation of bone graft across the graft-host interface or the presence of an external fusion mass bridging the graft-host interface. Hardware fracture and screw displacement were determined visually by inspecting for displacement of screw heads beyond the most anterior aspect of the plate, a gap between the plate and underlying VB, lucency around the screws, a broken screw as indicated by a radiological lucency, a gap through the screw or an angle along the course of the screw (that is, a focal bend). Results for screw angles and measured distances were compared using analysis of variance methods and statistical significance was defined as a probability value less than 0.005.
Results
One hundred ninety-five patients were enrolled in this study (58.6% men and 41.4% women; mean age 52.9 years [range 16.1-84.8 years]). A history of smoking was present in 48.7% and 45.4% were current smokers. Indications for surgery were cervical spondylosis (50.8%), acute disc disease (29.4%), trauma (16.4%), tumor (2.1%), rheumatoid arthritis (1.1%), and failed previous fusion (0.53%) ( Table  1 ). The operative procedures involved single-level discectomies (30.7%), multilevel discectomies (26.6%), singlelevel corpectomies (17.7%), or multilevel corpectomies (22.4%). All cases included bone grafts: iliac crest autograft in 59.6%, iliac crest allograft in 7.8%, fibular auto- graft in 0.5%, or fibular allograft in 30.6% ( Table 1 ). The choice of bone graft was left to the surgeon. The number of vertebrae involved in the fusion construct ranged from two to six; the majority (70.6%) involved two or three vertebrae ( Table 1 and Fig. 2 ). None of the procedures extended below T-1, and the upper vertebra involved was predominantly (86.6%) C-3, C-4, or C-5 (Table 1) . Surgeons judged plate fixation to be rigid in 84% of cases and acceptable in the remaining 16%. To achieve this, plate bending was performed in 42.7% of cases, usually to increase lordosis (91.5%). Screw purchase was judged good or excellent in all screws in 93.2% of the cases. Bone quality was judged poor or fair in 47.1% of the cases. Postoperatively, in 89% of patients an external orthosis was prescribed, the majority of whom (93.2%) wore a hard collar ( Table 1 ). The use of an orthosis was also left to the discretion of the operating surgeon. The use of orthosis likely reflects the large number of multilevel procedures in this series.
Follow-up compliance was 79.2% at 12 months and 52.6% at 24 months. The mean follow-up period was 17 months. Clinical outcome data are summarized in Table 2 .
On clinical examination at 24 months, neurological condi-tion was improved in 68.7% of cases, not changed in 22.9%, and worse in 8.4%. Pain was improved in 76.6% of cases, not changed in 18.2%, and worse in 5.2%. Fusion was achieved in 91.8% of cases at 12 months and 93.8% at 24 months.
Radiologically, a statistically significant change in the screw-plate angle occurred over time ( Fig. 3 and Table 3 ). These changes were most pronounced during the 1st month, although substantial change occurred in the caudal screw angles through 6 months. A greater change in angle developed at the caudal end of the construct (mean caudal change 6.4˚ and mean rostral change 2.4˚). Changes in screw angles from the postoperative value were all statistically significant. The direction of change was toward the midline of the construct, compatible with shrinkage of the graft. This was also reflected by a statistically significant change in the endplate-to-endplate distances, which decreased most in the 1st month and subsequently plateaued (mean 24-month change 3.48 mm) ( Table 4 ). Lateral radiographs obtained in a case of dramatic graft subsidence and screw angle change are illustrated in Fig. 4 .
The incidence of hardware failure was 8.2% (16 of 195 cases). Screw fracture occurred in 10 cases and partial or complete screw pullout in eight patients ( Table 5 and Fig.  5 ). Of these, four patients required reoperation for graft extrusion, in one of whom there was an associated esophageal fistula. Screw malposition was seen in five cases in which one screw was partially placed within a disc space. Examination of those cases in which screw fracture occurred was remarkable for an increasing incidence with increasing length of the construct (Table 6 ).
Neurologically, one patient experienced new motor symptoms secondary to new metastatic C-2 and T-1 lesions; no other patient suffered new motor symptoms postoperatively. Two patients experienced new sensory deficits: new numbness in the hands bilaterally in one patient who did not undergo reoperation and persistent dysesthetic pain surrounding the iliac crest donor site in a second patient who underwent a nerve exploration. One patient reported new onset of dysphagia. In two patients a kyphotic angulation was revealed at the operative site on postoperative imaging. Neither of these lesions was symptomatic or required reoperation.
Discussion
Anterior cervical decompression and fusion procedures have become widely undertaken in the treatment of various axial spine pathological entities. The general indications are the need for neural decompression to relieve myelopathic or radiculopathic symptoms or the need for spinal stabilization to avoid neural injury and axial spine deformity. This procedure was popularized by Cloward 5 and by Robinson and Smith 14 in the 1950s; since then the technique has evolved. In the early experience of its application, autograft was used. Allograft and xenograft have both been explored as alternatives and, although they are generally thought to be associated with lower fusion rates, they do eliminate graft site pain and complications. 2, 4, 18 More recently, osteoinductive material such as bone morphogenetic protein and demineralized bone matrix has also been used to improve fusion rates in selected cases. 1, 8 Another significant evolution involved extending the de- compression and fusion to multiple levels and decompressing the VBs and the intervertebral disc. Generally, this has led to greater incidence of graft complications (extrusion and subsidence) in association with the larger decompressive procedures. 10 The introduction of ACPs in the 1970s was an additional modification of this procedure. Plate-augmented fusion has become widely applied and is believed by many to result in higher fusion rates. In reality, although there are some retrospective data to support this, the contention has never been conclusively shown in the literature and the indications for ACPs remain controversial. 12 The design of the ACP has also evolved with locking devices incorporated into the plate to decrease screw backout, thus obviating the need for bicortical purchase. Another modification involves the ability to introduce screws at variable angles, allowing greater flexibility in assembly of the fusion construct and the evolution of load-sharing devices intended to maintain graft compression. The Codman ACP system is a semiconstrained loadsharing construct. It allows variable-angle screw placement and toggle of the screw angle over time in the sagittal dimension postoperatively. This is intended to provide rigid fixation in the sagittal and coronal planes while allowing the graft to remain in compression as graft subsidence occurs. Maintenance of graft compression is thought to provide an advantage over more rigid plating systems during fusion while still providing the rigid internal fixation and graft buttressing advantage of ACPs. Load-sharing plates may theoretically lack the ability of rigid plates to maintain sagittal cervical alignment because they allow dynamic changes over time, which presumably occurs as a result of the same forces leading to progressive deformity in noninstrumented fusions.
In this multicenter study we examined the Codman ACP when used to augment bone fusion after discectomy or corpectomy. Although the Codman plate was the first load-sharing ACP system, several others have become available through other manufacturers. Although different in design, particularly with respect to the change allowed by the plate and screws to accommodate graft subsidence, they all share the same theoretical advantages in maintaining graft loading and further promoting fusion. In addition to examining the performance of the Codman plate, we also evaluated the design concept. We found a 24month fusion rate of 93.8%. This compares well with rates reported in the literature that range from 74 to 100%. 3 The clinical outcomes in this study were also favorable: neurological symptoms improved in 68.7% and pain symptoms improved in 76.7%. Only four patients reported new neurological symptoms, in two of whom the symptom was not related to the cervical procedure (graft site-relat- ed dysesthesia and progression of neoplasia). In this study the instrumentation failure rate (defined as radiological evidence of screw pullout or fracture) was 8.2%, which also compares favorably with the range in the literature of 5 to 17%. 3, 12 These failures were more frequent in cases involving longer-length constructs. Four patients underwent reoperation after onset of graft-related complications; only one was secondary to infection and was associated with an esophageal fistula. Accordingly, the fusion rate, complication rate, and graft/instrumentation failure rate compared well with those other previous series.
The rationale for using load-sharing constructs in the cervical spine is that the graft tends to collapse. 7 Load-sharing constructs thus are intended to accommodate for graft subsidence by allowing screw translation in the plate or a dynamic change in screw angles. The plates are intended to maintain fixation in all other dimensions, thus continuing to promote fusion by immobilization. The Codman ACP system allows load sharing by dynamic variation in screw angle postoperatively. We examined the changes in screw angles developing over time on lateral radiographs and found that they did change in a direction compatible with graft resorption, particularly within the first 6 months. This was associated with a change in the construct height, which is also compatible with graft subsidence. Interestingly, the change in screw angle was more pronounced at the caudally located screws than at the rostrally inserted screws. These observations support the hypothesis that graft shrinkage occurs and that a dynamic plate/screw system allowing for vertical height changes maintains graft compression and thus theoretically increases fusion rates. The asymmetry in screw angle changes may indicate that the increased mobility of lower cervical spine segments exerts increased stress on the graft and results in preferential resorption of the graft in this region.
Graft subsidence over time is a significant event that may have an adverse impact on the construct and the clinical outcome following anterior cervical decompression and fusion. This change in the sagittal spinal alignment may lead to progressive deformity, particularly kyphotic angulation. Additionally this may promote adjacent-disc degeneration, an event that has been reported repeatedly in the literature and that has led to the development of cervical joint prostheses. 11, 17 Furthermore, the loss of graft height leads to an increased load on the ACP increasing the likelihood of instrumentation failure and loss of fixa- tion. This in turn would negate the advantage of fusion presumably provided by the plate and may lead to other complications such as screw and plate migration. The decrease in graft-related load as it subsides also results in decreasing its compression, which is thought to create an undesirable environment for fusion. Load-sharing constructs attempt to address some of these issues by allowing graft compression and decreasing the load assumed by the instrumentation. In this study we found evidence that this objective was achieved by dynamic change in screw angle and construct height. The Codman ACP system therefore appears to accomplish the task of accommodating for graft resorption while maintaining fixation. This results in fusion and instrumentation rates comparable to those reported in the literature. Notably, instrumentation failure rates were not appreciably different here from those in previous reports involving other plate systems. This may indicate that the plate's design lacks significant impact on instrumentation failure rates or that the difference is too negligible to have been detected by this study. Alternatively, this absence of effect may be related to our follow-up length. In other studies investigators generally followed patients for less than the 2-year follow-up period reported in this study and as a result may not have detected all the instrumentation failures. 
Conclusions
We conclude that the Codman ACP is an effective implant for anterior cervical fixation, as evidenced by the 93.8% fusion rate. Evidence of load sharing between the implant and bone graft is provided by changes in the screw-plate angle that occur over the first 6 months. Based on these data, it would appear that semiconstrained systems, such as the Codman plate construct, provide effective fixation and satisfactory load sharing. A direct comparison of semiconstrained implant systems with rigidly locked devices is required to determine the optimal method of anterior cervical fixation.
